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Abstract: The interest for new large hydropower pumped storage plants in Norway is increasing. Such 
large plants have massive hydraulic transients, and the surge chamber design have crucial impact. 
The air cushion surge chamber design is the preferred design for large hydropower plants in Norway 
since the 1970’s, and new research is now initiated in order to further investigate the physical 
properties and optimum design of these constructions. A new physical model of a hydropower 
waterway with an air cushion surge chamber is currently under construction at the Norwegian 
University of Science and Technology. The model design is difficult due to huge impact of atmospheric 
air pressure. This paper will present the model design, dimensional analysis and a comparison of 
numerical simulations of the model and field measurements from the prototype in order to test the 
model design. The model design is found to be feasible, and the construction works are initiated.   
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1. INTRODUCTION 
Air cushion surge chambers are widely used in hydraulic systems for pressure relief. The technology 
has gained widespread use in water conveyance systems and is also applied for hydropower plants. 
In total there exist thirteen hydropower plants with air cushion chambers in the world, all of which 
reside in either Norway or China (Hu et al, 2007). 
 
The air cushion surge chambers for hydropower are constructed as unlined rock caverns, and the total 
volume varies in the range 2 000m3 to 120 000m3 (Goodal et al, 1988). Since the volume is far greater 
than what is normal for water conveyance systems, more detailed knowledge about the physical 
properties of the air cushion surge chamber is more crucial. What is considered a small cost saving 
optimization for water conveyance systems causes huge cost saving for a hydropower plant.  
 
Recently, a new research program has been initiated at the Norwegian University of Science and 
Technology (NTNU) in order to gain better understanding of the physical properties of the air cushion 
chamber, and to further develop the design of these constructions.  
1.1. Air Cushion Surge Chambers in Hydropower Plants 
The air cushion surge chamber is the most recent surge chamber technology applied in Norway. 
Traditionally before the 1970’s the open air surge chamber was applied, but the limitations in this 
design forced the development of the air cushion surge chamber. The development of hydropower 
design in Norway is shown in Figure 1. 
 
  
Figure 1 – Development of hydropower design in Norway 
 
As can be seen from Figure 1 the air cushion chamber eliminates the need for surface access for the 
surge chamber. This was the reason behind the development of the first air cushion surge chamber in 
Norway, due to very high overburden that rendered an open air surge shaft economically unfeasible 
(Nilsen & Thidemann, 1993). A secondary effect, which perhaps is more important today, is the 
elimination of the pressure shaft. With the air cushion surge chamber it is possible to excavate a 
pressure tunnel direct from the reservoir to the power house, which result in major cost savings.  
 
Another benefit of the air cushion surge chamber is the positive impact on regulation stability. The air 
cushion surge chamber is placed closer to the turbine, which improves the response time of the water 
mass, and reduces problems with water hammer. In Norway the requirements for regulation stability of 
hydropower plants are very strict since 96% of all electricity in Norway comes from hydropower 
production. The hydropower plants control the frequency in the grid, and unstable hydropower plants 
would result in nationwide burn out of electrical equipment. 
 
However, there are some negative aspects of the air cushion surge chamber. In existing power plants 
with air cushion, the air compressors have been under-dimensioned for today’s requirements to 
minimize the down-time of the power plants. The largest power plant in Norway, Kvilldal HPP 
(1 200MW) uses 45 days to fill the air cushion after inspections in the waterway, and this induces large 
economic losses for the power plant owner.  
 
Some important aspects of air cushion chamber design include the requirements of rock stress in 
order to ensure sufficient air tightness. As a general rule the minimal principal stress must be greater 
than the air pressure, in order to avoid hydraulic jacking of the rock and evacuation of the air. In 
addition there is often a need for additional air leakage protection, which may be provided by the use 
of a “Water Curtain” (Kjørholt, 1991). 
  
Even though air cushion surge chamber have been applied in Norwegian hydropower plants for over 
40 years, the physical properties of these components are still not fully understood. Now, the interest 
for air cushion surge chambers is again surfacing, due to plans of constructing several large pumped 
storage hydropower plants in Norway. Even though development of the conventional open air surge 
shaft design has been massive in the last 40 years, air cushion surge chambers are still assumed to 
be state-of-the-art. Research is therefore necessary in order to test this assumption, to gain better 
understanding and to further develop this technology.  
2. PHYSICAL MODELING OF AIR CUSHION SURGE CHAMBERS 
In order to investigate the physical properties of the air cushion surge chamber, a physical model 
study is initiated at NTNU. The prototype for the physical model is Torpa power plant (150MW), and 
the selected model scale is 1:65. The model is constructed with stainless steel pipes and plexiglass air 
cushion surge chamber, and data for prototype and model is presented in Table 1. 
 
Table 1 Prototype and scale model dimensions 
 
Dimension Prototype Model Unit 
Maximum discharge 35 0.001 m3/s 
Turbine pressure 444 6.83 m 
Headrace length 9500 147 m 
Headrace diameter 6.5 0.1 m 
Air cushion volume 13000 0.0473 m3 
Air pressure (absolute) 420 6.46 mWC 
Turbine closing time 10 1.25 s 
 
The main scope of the physical model is to investigate the thermodynamic behaviour of the air during 
hydraulic transients, as well as testing of new design of the air cushion surge chamber. A secondary 
scope is confirmation of whether it is possible to use physical models to model the physics of such a 
hydropower system accurately. To the author’s knowledge, a physical model test of an entire 
hydropower waterway with air cushion chamber has not been attempted before. A picture of the partly 
finished model is shown in Figure 2. 
 
 
Figure 2 – Partly finished model 
The scaling of the model has been a challenge since the scaled air pressure is sub-atmospheric. This 
results in scale effects since the inlet and outlet reservoir have atmospheric pressures which are 
difficult to scale. Two solutions has been considered, (1) use of pressure tanks at the inlet and outlet 
reservoir to scale atmospheric pressure and (2) keep atmospheric pressure at inlet and outlet, while 
raising the air cushion surge tank elevation above the inlet reservoir to create sub atmospheric 
pressure. Due to the more complex equipment necessary in order to construct solution (1) it was 
 chosen to develop solution (2). The resulting layout of the model under construction is shown in Figure 
3. 
 
 
Figure 3 – Physical model layout 
As can be seen from Figure 3 it is necessary to place the air cushion chamber at a higher elevation 
than the inlet reservoir, in order to obtain the correct relation between pressure and water level. This 
results in incorrect pressure levels for major parts of the model compared to the prototype. However, it 
is controlled that the pressure level in vital points will be correct. In this model the pressure in the air 
cushion chamber and in front of the turbine (needle valve) will be correct. This is confirmed by 
dimensional analysis and by comparing numerical simulations of the physical model with field 
measurements from the prototype.  
2.1. Dimensional analysis 
The water level and pressure in the air cushion surge chamber will change during mass oscillations in 
the waterway. The mass oscillations are here represented by the air pressure in the air cushion 
chamber (p).  
 
Rigid water theory is applies for calculation of mass oscillations and any variable A1 which depend on 
the other independent variables A2, A3,…,An may be represented by:  
 
 f(A1, A2, A3,…,An) = 0 (1) 
 
Buckingham's  theorem states that if all these variables may be described by m fundamental 
dimensional units, they may be grouped into n-m dimensional π-terms (Buckingham, 1914). 
 
ϕ(π1, π2, π3 ,…, πn-m) = 0 (2) 
 
In dimensional analysis of fluid mechanics there are three fundamental units, length (m), time (s) and 
mass (kg). The air pressure in the air cushion chamber is dependent on nine parameters, density of 
water (ρ), water velocity (U), tunnel diameter (D), air volume (V), adiabatic air constant (κ), dynamic 
viscosity (μ), tunnel length (L), tunnel friction (f) and gravity (g). This will give us six π-terms. 
 
By selecting ρ, U and D as independent units we may derive the six π-terms shown in Table 2. 
 
Table 2 Derived π-terms from dimensional analysis 
 
Name π-term Expression 
Euler number π1 p/(ρ U2) 
- π2 V/(D3) 
- π3 κ 
- π4 f 
Reynolds number π5 (U D ρ)/μ 
Froude number π6 U2/(g D) 
 
It is seen from the dimensional analysis that the scaling is dependent on Euler, Reynolds and Froude 
 numbers. Euler and Froude numbers are compatible and have equal scaling properties. However, the 
Reynolds number does not have equal scaling. It is known from Hughes (1993) that scaling effects 
due to error in Reynolds number may be minimized if the flow is always in turbulent regime (Re > 
4000). It can be shown from parameters in Table 1 that the Reynolds number is sufficiently large for 
both prototype (Re ≈ 6 000 000) and model (Re ≈ 10 000).  
 
The Froude model law is then selected which result in the scaling factors shown in Table 3. The 
Froude model law is well-known, and scaling by this model law removes much of the uncertainty 
concerning the model test design. 
 
Table 3 Scaling factors 
 
Dimension Relation Scaling factor 
Length Lr 65 
Velocity Vr = Lr0.5 8.06 
Time Tr = Lr/Vr = Lr0.5 8.06 
Pressure Pr = Vr2 = Lr 65 
 
 
If we assume elastic water theory applies, then we will have additional π-terms. Some of these π-
terms (Cauchy number and Mach number) are not scaled in the same way as the Froude number. In 
effect this means that water hammer effects will not be scaled correctly in the model test, and will 
become very reduced compared to the prototype. The effect on pressure amplitude and frequency of 
the mass oscillations is however limited and is not crucial for the research scope. 
2.2. Field measurements and numerical simulation 
Field measurements have been conducted at Torpa power plant in order to validate the model. Three 
time series were collected; turbine pressure, air pressure and water level in the air cushion chamber. 
The measurements of turbine pressure were conducted with a digiquartz pressure transducer (0.5Hz) 
connected to the ball valve, while the air cushion parameters were measured by the power plant 
owner with permanently installed sensors (>0.1Hz).  
 
During the field measurements, the power plant was operated with both turbines (2x75MW) by the 
operation schedule shown in Table 4.  
 
Table 4 Operation schedule 
 
Time % load 
08.00-09.00 0 
09.00-10.00 45 
10.00-11.00 70 
11.00-12.00 50 
12.00-13.00 100 
13.00-14.00 0 
 
The first hour was used to get a zero measurement for calibration of the measurement equipment, and 
at 13.00 a full-load rejection and turbine runaway was forced by disconnection in the switchyard. 
 
In order to test the scale model design, a numerical simulation of the scale model is conducted with 
the freeware simulation software LVTrans. This program utilizes the 1D method of characteristics 
(MOC) and is programmed in Labview. The numerical simulation of the scale model is compared to 
the field measurements, and the result for the full load rejection situation is shown is Figure 3.  
 
  
Figure 3 – Comparison of field measurements and model scale simulation (ACC = Air Cushion 
Chamber) 
As can be seen from Figure 3 both the amplitude and frequency of the pressure transient have 
acceptable accuracy. Based on this result it is concluded that the model test design is feasible.  
2.3. Planned experiments 
If the completed scale model shows good correlation against the field measurements, it will be used to 
experiment with the surge chamber design, and investigate the thermodynamic behaviour of the air 
cushion. The following experiments are suggested for the scale model: 
 
 Quantification of heat transfer from the pressurized air 
 Investigation of heat transfer processes 
 Testing of throttled air cushion surge chamber 
 Benchmarking of different surge chamber design 
 
The thermodynamic behaviour of air cushion chambers is not fully understood, and the heat transfer 
has not been properly quantified for engineering purposes. Graze (1968) developed the rational heat 
transfer method for numerical calculation of the thermodynamics during hydraulic transients and 
reported accurate results, but this method has later received little validation from new model tests or 
field measurements. One of the primary objectives of the planned experiments is to test the RHT 
method with the described scale model and field measurements. 
 
Throttling of surge tanks has for many years been common practice in countries such as Germany and 
Austria (Richter et al, 2012; Klasinc and Bilus, 2009). In Norway this technology has never been 
properly implemented into common practice, and especially air cushion surge tanks have never been 
constructed with a throttle. The physical model will be used to test the impact of throttling of air 
cushion surge tanks, with special regards to regulation stability.  
 
More experiments will be added to the list after discussions and suggestions from the research 
community. The model setup also allows for installation of an open air surge chamber instead of the 
air cushion surge chamber. The model may therefore be used to benchmark the different surge 
chamber types. 
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